This study investigates side force of a slender body with slenderness from 4.4 to 8.0. The experimental results show that flow over a slender body experiences a significant side force at angleof-attack (AOA) higher than 30 o . The side force reaches its maximum at AOA ≈ 50 o . The present study demonstrates that slenderness (L/D) produces obvious influence on sectional side force distribution at high AOA. To understand the mechanism, evolution of near-wall vortex structure is investigated via hot wire and surface pressure measurements. It was found that one strong vortex is situated close to body surface and the other weak vortex away from the body, inducing a significant side force. Because the weak vortex lifts off early, a new vortex forms in near-wall region. Formation and evolution of the new vortex is the major mechanism that causes local sectional side force distribution exhibiting a wavy form with an alternating sign along the body. Therefore, overall side force does not necessarily increase with increasing slenderness. Reducing overall side force by canceling the alternating vortex-induced forces over the body surface is found if the slenderness L/D > 6.8 at AOA > 40 o .
Introduction
Side force occurrence on slender bodies of revolution at high angle-of-attack (AOA > 30 o ) has long been observed. Flow-field features for a slender body at high AOA recently have received considerable attention. 1−6 These studies demonstrate that flow separating from the body rolls up into a pair of asymmetric vortices between 30
Significant side force results from asymmetric vortices. The magnitude of this side force can equal that of the normal force acting on the slender body, which causes an aircraft to spin or a missile to tumble in situations where these effects are not thoroughly considered as part of the control system design. Zilliac et al. 2 reported even as small as dust particles (~ 3 µm) incidentally coating the nose of the model, were found to change direction and phase of side force distribution. The finding implies that leading-edge vortex genesis and subsequent growth are highly sensitive to small imperfections of the nose tip. Lamont et al. 3 found that side force distribution exhibited an oscillatory behavior along slender body. In this study, slenderness effect on side force is investigated.
Experimental Setup
Experiments are conducted in an open-type low speed wind tunnel. The test section is a circular tube with 50 cm in diameter and 140 cm in length. The flow speed at test section ranges from 2.0 to 35.0 m/s and turbulence intensity is less than 0.5%. Body-fixed coordinate system (X,Y,Z) is used for describing flow-field measurements. The coordinate system is illustrated in Fig. 1 . Experimental model is a cone-cylinder slender body with a diameter of the cylinder D = 50 mm. The cone has a fineness ratio of 2 and cylinder length is from 2.4 to 6 times of its diameter, corresponding body slenderness from 4.4 to 8. Pressure orifices are drilled annularly at 9 stations (shown at X/D = 2.4, 3.0, 3.6, 4.2, 4.8, 5.4, 6.0, 6.6, and 7.2 in Fig. 2(a) ), all measured from the cone apex. The pressure orifices have an interval of 15 o separation among one another. Figure 2 show the photos of cone-cylinder model and wind tunnel setup. Surface pressure and overall aerodynamic forces are measured using pressure transducer and load cell. Velocity measurement is measured using X-type hot-wires. Hot-wire is mounted on a three-dimensional traversing mechanism which is controlled by a computer. Fig. 8 . The vortex strength is also much weaker for small slenderness body. Therefore, sectional side force amplitude of the slender body decreases with decrease of the slenderness at high AOA.
Experimental Results and Discussion

Conclusion
This work investigated side-force on a cone-cylinder slender body. When AOA > 40 o , side force measurement results indicate that side force first raises with slenderness added, which can reach its maximum at suitable slenderness, then side force gradually decreases if slenderness further increases. Besides, this study finds the detailed mechanism of how side force varies with slenderness. It was found that sectional side-force distribution exhibited an oscillatory behavior along the slender body. For high slenderness body, mixed positive and negative parts of sectional side forces can alleviate one another out, thus reducing total side force acting. The flow field measurement further indicated that strong-side vortex locates closer to leeward surface of slender body. The weak-side vortex lifts off from leeward surface, enabling formation of a new vortex originated in near-wall region. Owing to participation of new vortex that grows and lifts off from weak vortex side of slender body, producing an oscillatory distribution of sectional side force distribution along body.
